This study is aimed to assess and evaluate the suitability of groundwater of the area located to the south-east of Al-Ain area in the UAE using hydrogeochemcical approach. The chemical analyses of groundwater samples collected from the study area showed that the groundwater salinity is high which resulted from heavy groundwater pumping. High chloride concentrations in groundwater of Mubazarah and Neima might be attributed to the entrapped saline water within the limestone sequence of Jabal Hafit, or it can be the agricultural activities as it clear from the positive relationship between Cl − and Br − . High sulphate concentrations in groundwater might be related to the presence of gypsum and anhydrite within the limestone sequence of Jabal Hafit. The anionic and cationic compositions of groundwater indicate that the chloride and sodium ions are the dominant and presence of bicarbonate and sulphate may reflect the mixing of such water by the recent freshwater through the existing structural lineaments within the study area. The hydrochemical parameters indicate a relative increase in the concentration of calcium, magnesium and sulphate ions and this could reflect the influence of carbonates and evaporite sediments.
Introduction
The study area is located within the vicinity of Al-Ain region in which the climate is deficient in rainfall, with a mean annual rainfall of about 96.4 millimeters [1] . AlAin area is considered to be a better ephemeral surface water resource in the country due to the occurrence of flash floods. Ain Al-Faydah (Ain Bu Sukhanah) is the only spring with Al-Ain area, which is located about 15 Km south of Al-Ain and about 2 km west of Jabal Hafit. According to El-Shami [2] , the spring produces from Miocene gypsum and clay layers through thin Quaternary loose sediments. The spring represents the discharge area of a deep water source which finds its way up through one of several thrust faults dissecting the area.
The aquifer in the area is recharged by the infiltration of the precipitation in the interdune areas and gravel plains and also from Jabal Hafit. Another source of recharge includes irrigation water, upward vertical recharge from deeper rocks and infiltration of water lost from the leaky water transmission lines [3] .
The domestic water requirements in the region were met from major aquifers. However, massive increases in domestic demands due to the annual population growth rate of up to 8% [4] has meant that groundwater resources have been placed under increasing stress, resulting in declining water levels, and increasing groundwater salinity and a resultant decrease in total production.
The widening gap between groundwater supply and domestic demand has been met from an expansionist policy of desalination using all types of production process under an ever increasing responsibility of the private sector. In 2003, the total domestic wellfield production in Abu Dhabi Emirate had reduced to only 26 Mm 3 /yr, meeting only 17% of the total domestic requirements in the Eastern Region. Since 1998, production from the domestic wellfields has decreased by over 60% [5] .
The objective of this study is to analyze the groundwater chemistry of the aquifer systems within the study area in terms of the prevailing natural (climatic, geological and hydrgeological) and man-induced (mainly agricultural) conditions and to evaluate the suitability of groundwater for different purposes.
the most eastern part of the Emirate of Abu Dhabi. It comprises Neima area to the north, Mubazarah to the east and Ain Bu Sukhanah to the west (Figure 1) . Jabal Hafit, the main mountain in the study area, is composed nearly of limestones and dolomites [6, 7] . The gravel plain consists of a gently inclined gravel and sand plain, built up of the down-wash material drained by wadis from the eastern mountains. The continuation of the wadi courses to the north is marked by a string of patches of sabkhas, formed at the times of flood due to the rise of groundwater level [8] . The western part of the investigation area is dominated by dune fields and most of the study area is covered by Quaternary deposits. Four types of Quaternary deposits have been recognized in the study area and these are fluvial Deposits, desert plain deposits, sabkha deposits and aeolin sands [9, 10] .
The geology of Jabal Hafit has significant impact on the hydrogeology of the area. The water bearing formations of the study area are mainly composed of alluvial deposits in the upper most part that underlained by clay, gypsum, limestone and marl lithofacies (Figure 2 ). The depth to water level varies according to the ground elevation and aquifer type. Fifteen large diameter wells have been drilled in the wellfield of the Mubazarah area with depths ranging from 90 to 200 meters and yields of 4600 m 3 /d which mainly are ascribed to fracture permeability and dissolution. The measured discharge of the wells to the pond west of the wellfield was 21,000 m 3 /d. Wells that produce water with relatively high temperature and specific conductance are located close to the fold axis of the Jabal Hafit as compared to wells that produce cooler and fresher water which are located further from the axis. Deep fractures may act as conduits to bring thermal and saline water close to the surface before it cools or becomes diluted. The source of the water may be either meteoric water that rises by hydraulic pressure after having descended to a great depth or saline water that ascends due to gas pressure or thermal gradient. The flux of recharge water through Jabal Hafit may be greater than the lateral or upward flow of saline water into the conduits. Therefore, the result is water in the mixing zone that is brackish. The water in the conduits is heated by normal geothermal gradient at a depth of approximately 2000 meters below the surrounding land (3000 meters below the Jabal). The conduits bring the mixed water to the base of the clastic aquifer where it enters the shallow regional flow system. The aquifer water cools to near the ambient aquifer temperature, and becomes even more dilute. Water levels in the area ranges from 5.71 to 60.94 m below land surface and the level of water table is declining in those wells that are frequently pumped or are adjacent to pumped wells [11] .
An old municipal well in Neima area began to flow in early February 2003 after reportedly being abandoned about 10 years ago because it had dried up. The well is located about 6 kilometers south of Al-Ain city, and is about 2 kilometers north of the road at the base of Jabal Hafit. The well was supposedly drilled some 15 years ago to a depth of 550 ft [12] . Fresh and brackish water of limited areal extent is found within limestones in the Jabal Hafit area. In the vicinity of the rock outcrop, the limestone aquifer is unconfined and further (down dip) away from the rock outcrop, the limestone aquifer is either semi-confined or confined by underlying and overlying rock units [11] . Ain Bu Sukhanah or sometimes called Ain Al-Faydah is located less than 2 km to the west of Jabal Hafit. It apparently discharges from a gypsum aquifer, probably well karstified adjacent to the western side of Jabal Hafit. The discharge of Ain Bu Sukhanah spring reflects no direct relation with groundwater levels in the study area when groundwater level data of 1990 and 1991 are compared. The groundwater level at the nearby observation well declined from 34.1 in 1990 to 42.2 m in 1991 below ground surface. Whereas the spring discharge increased from 1.58 × 10 6 m 3 /yr in 1990 to 2.5 × 10 6 m 3 /yr in 1991 [13] . If it is assumed that 60 mm (out of 100 mm) infiltrates then some 2.5 million m 3 is estimated as entering the limestone mass. This quantity corresponds quite closely to the annual yield of the spring suggesting that the Jabal Hafit is the feeding area for the spring [14] . A possible explanation for the brackish water at Bu Sukhanah spring is that fresh water of the Jebel Hafit becomes brackish on its way through the gypsum.
Methodology
For this study, 53 water samples were collected from governmental and private wells (Figure 3 ). In addition, 3 surface water samples were collected from different surface water localities in the study area.
The temperature, Electrical Conductivity (EC) (µS/cm) and Total Dissolved Solid (TDS) contents in mg/l were measured directly in the field. The collected groundwater samples were then analyzed for major cations ( 
Results and Discussions
The main measured physical properties of the groundwater in the study area including, electrical conductivity (EC), total dissolved solids (TDS), temperature and chemical properties of the major ions are presented.
Physical Properties
The electrical conductivity of groundwater samples collected from the study area varied between 2.989 mS/cm in a farm west of Neima (Well No. 9) and 27.188 mS/cm in Ain Bu Sukhanah (Well No. 34) (Figure 4) . The data shows that in the north (Neima Area), the EC values are less than 10 mS/cm, while in Mubazzarah area , the EC values between 15 and 25 mS/cm, and to the west of Jabal Hafit at Ain Bu Sukhanah, the EC values exceed 30 mS/cm.
These high EC values might result from using the groundwater in these areas in agricultural activities. In the study area, the total salinity of groundwater ranges between 1910 and 17,400 mg/l, with a mean value of 6714 mg/l ( Figure 5) . The salinity increases from east to west in the direction of groundwater flow. The higher salinity content is recorded for the central and western regions (Mubazarah and Ain-Bu Sukhanah areas), whereas at Neima area in the north, it is quite low and increases towards the south. Groundwater samples of the study area are classified as brackish except Wells No. 34, 36 and 38 which are of saline water based on USGS/ NDC classification [3] . Using ground-water for irrigation purposes is the main reason for high TDS values as well as the lithological constitutes of the water-bearing formation. The temperature of the collected groundwater samples in the study area varies between 29˚C and 49.1˚C with a mean value of 35.59˚C. The temperature increases from west to east, opposite to the direction of groundwater flow. Where as, Mubazarah is characterized by the highest water temperature because of thermal origin of groundwater in that area. 
Chemical Properties
The major cations in water are potassium (K + ), sodium (Na a gradual increase from east to west in the direction of groundwater flow. High calcium ion concentrations encountered in Ain Bu Sukhanah. The calcium abundance might result from the limestone dissolution of Jabal Hafit [15] . The magnesium ion (Mg 2+ ) concentrations in fresh water are generally less than that of calcium because of low geochemical abundance of magnesium [16] . The concentration of Mg 2+ in collected groundwater samples in the study area ranged from 120 to 5173 mg/l. The maximum Mg 2+ concentrations exist in the western side of Jabal Hafit (Ain Bu Sukhanah). The presence of dolomite in Jabal Hafit could be elevated the magnesium concentration at Ain Bu Sukhanah as the dolomite is the main source of magnesium in groundwater [17] .
The natural sources of potassium in water are the ig-neous rocks as feldspars (orthoclase and microcline), some mica and sedimentary rocks as silicate and clay minerals [17] . The potassium content ranges between 25.7 mg/l at Neima (Well No. 10) and 1656.8 mg/l at Ain Bu Sukhanah (Well No. 38). In general, potassium ion concentrations are low at Neima and Mubazarah areas, while high K + concentrations are recognized in the west of Jabal Hafit at Ain Bu Sukhanah. This high potassium concentration can be attributed to the presence of clay layer, overlained the gypsum aquifer of Ain Bu Sukhanah.
Major Anions
The sequence of the major anions in the majority of groundwater of the study area has the order of: Cl -> > 3 . The chloride ion concentrations in the study area range between 430 mg/l at Neima (Well No. 9) and 10,000 mg/l in Ain Bu Sukhanah (Well No. 38). Low values of chloride concentration are encountered at the farms west to Neima, while high values are observed at Mubazarah and Ain Bu Sukhanah. One possible explanation for the high concentration of chloride in Mubazarah and Neima is the entrapped saline water within the limestone sequence of Jabal Hafit, or it can be the agricultural activities from the positive relationship between Cl -and Br -( Figure 7 ). [15] . These two minerals are present in the study area as thick beds or streaks in the limestone strata and are sufficiently soluble to cause water in contact with them to be high in sulphate [18] . The value of sulphate concentrations in the study area ranged between 495 mg/l at Mubazarah (Well No. 1) and 6280 mg/l in the south Ain Bu Sukhanah (Well No. 35). Sulphate ion concentrations are low at Mubazarah; while Neima and Ain Bu Sukhanah are characterized by high concentrations which might be related to the presence of gypsum and anhydrite within 
Hydrochemical Water Types
The water type is represented by each anion and cation that exceeds 15 equivalent percentages, arranged from the lowest to the highest cationic and anionic concentrations [19] . Four anionic groups with their 14 equivalent cationic combinations are distinguished and give rise to the different water types (Appendix). The anionic and cationic compositions of groundwater indicate that the chloride and sodium ions often acquire the highest concentrations. While that, the sulphate with magnesium and calcium ions compositions reveal the second order in their concentrations. The intermediate concentration of bicarbonate and sulphate may be characterized the mixing of such water by the recent fresh water through the existing structural lineaments within the study area. This hypothesis is mainly supported by piper diagram (Figure  8) as most of the samples lie on the portions of dominancy of sulpahte and chloride which suggests seawater of relatively low freshening.
The predominance of sulphate anion concentration within Cl-sulphate group reflects the depth and distance from the catchment area as well as the leaching processes of the evaporitic rock constituents that enrich with cal cium, This is highly reflecting the influence of the existing water bearing formations such as carbonate and evaporite sediments. In addition, a relatively high temperature of the existing groundwater assists the solubility of such ions through the water-rock interaction. The adsorbed sodium ions to the shaly sediments are effectively subjected to leaching by invading the meteoric water [21] .
Water Genesis and Hypothetical Salt
Combinations The interpretation of chemical analyses of collected groundwater samples showed that the Na 2 SO 4 is originated from deep percolation and NaHCO 3 is from surface and shallow meteoric water conditions whereas (K + Na) − (Cl/SO 4 ) < 1 and (K + Na) − (Cl/SO 4 ) > 1). In addition, the interpretation reflects the meteoric water genesis, where the ionic concentrations of the potassium and sodium ions are greater than chloride ions in solution. Wells No. 7 -15, 28 -32, 35, 37, 38, 40, 46, 47, 50, 51 -54 represent the distribution of such water genesis within the area of investigation.
In spite of the meteoric origin of the water samples, salts of temporary hardness in the solution are not dominant and represented only by Ca (HCO 3 ) 2 except sample no. 47. On the other hand, salts of permanent hardness are of obvious existence within most of the samples and represented by MgSO 4 and CaSO 4 . The appearance of such salts may be affected by the leaching processes of lithological constituents that rich in calcium, magnesium and sulphate ions as well as lacking the recharging sources. The leaching processes of deep percolating water that occurs among these lithological constitutes which contain groundwater of relatively warm or hot (about 40˚C) makes enrichment of calcium, magnesium and sulphate ions especially under over pumping performance and the absence of proper water management. The NaHCO 3 water genesis with the hypothetical salt of KCl, NaCl, MgCl 2 , CaCl 2 , CaSO 4 and Ca (HCO 3 ) 2 is represented by well no. 55. The occurrence of MgCl 2 and CaCl 2 water types within the salt combinations might reflect the upward leakage of deep marine water origin in which the water reserves its meteoric genesis. On the contrary, the other groundwater samples indicate the appearance of MgCl 2 and CaCl 2 water types which could reflect the marine water origin. However, the Cl/(Na + K) > 1 shows that the marine genesis of MgCl 2 type.
The existing salt combinations of MgCl 2 water genesis reflects the appearance of Ca (HCO 3 ) 2 as salt of temporary hardness that is may be due to the nearby of the MgCl 2 zone to the Na 2 SO 4 water origin zone (Figure 10 ) that is greatly affected by the water quality or by the shallow depth of the present groundwater. On the other hand, the Ca (HCO 3 ) 2 as temporary salt is of limited occurrence within the salt combinations of CaCl 2 water origin. A complete disappearance of Mg(HCO 3 ) 2 as a temporary hardness salt could be attributed to the small equivalent percentage of CaSO 4 that exists [22] . Both CaCl 2 and MgCl 2 water geneses show that the dominant salts of permanent hardness are MgSO 4 and CaSO 4 that might reflect the influence of leaching processes on the evaporite deposits that rich in calcium and magnesium sulfates within the lithologic constituents of the water bearing formations.
Lateral Hydrogeochemical Variation
In order to study the geographical changes in the chemical compositions of groundwater within the studied area, three different hydrochemical cross-sections were constructed. Along these sections, the existing structures represented by faulting and folding reveal their impact in the form of different water genesis within the aquifer. The cross section (A-A') that extends NW-SE ( Figure  11) showed that the chemical change in water genesis reveals the occurrence of contiguous different water genesis starting at southeast by CaCl 2 type existing in water wells 49 & 33. The neighbored aquifer toward the northwest indicates groundwater of terrestrial Na 2 SO 4 genesis (Wells No. 47 & 13).The existence of those distinct water types, where each one preserves its definite characteristics may declare the discontinuity between them through probable existing faults.
The aquifer with CaCl 2 marine water genesis (Wells No. 49 & 2) along the profile (B-B'), which is extending SW-NE (Figure 12) , is bounded from northeast by MgCl 2 of marine water genesis (Wells No. 20 & 27) . The existence of both exchangeable MgCl 2 and CaCl 2 marine water genesis give evidence about the effect of both geologic structures particularly the faulting and the high variable lithofacies of water-bearing formations in the prevailing of such exchangeable water origin through the same aquifer.
The third hydrochemical cross-section (C-C') that extended SE-NW (Figure 13) greatly reflect the depth that apart from the main recharge source and the nature of the excessive pumping from the groundwater wells that lies close to Jabal Hafit zone. However, Na 2 SO 4 water genesis indicates shallow depths and the groundwater connection with the atmosphere while that the MgCl 2 reveals the impact of over pumping within the wells neighboring to Jabel Hafit zone as well as the leaching process of the leachable formations such as clay and evaporite rocks that form the major constitutes of the aquifer.
Groundwater Utilities
The suitability of groundwater in the study area for domestic and agricultural purposes is evaluated. Usually, water applied for domestic purposes has certain standard specification as regards to its physical, chemical and biological properties. These standards are intended primarily to protect human health. However, the groundwater in the study area is not suitable for drinking purposes due to the high TDS values. The suitability of groundwater in the study area for agriculture practices is assessed using Sodium Adsorption Ratio (SAR) values [23] . The SAR ranged between 1.3 in north-east Mubazarah (Well No. 25) and 28.18 at Mubazarah (Well No. 18) (Figure 14) . Groundwater in Neima is characterized by limited harmful effect on plants in the north to a moderate harmful effect for plants in the south. In Ain Bu Sukhanah, groundwater can cause moderate to high harmful effects for plants. Finally, Mubazarah is characterized by groundwater with high to very high damaging risk if it used for irrigation.
Conclusions
The total dissolved content of the groundwater shows a general increasing trend from east to west of the northern Jabal Hafit in Al-Ain area in the eastern part of Abu Dhabi Emirate, UAE. An area of high TDS content is encountered in Ain Bu Sukhanah west from Jabal Hafit.
This increase of TDS is attributed to the brine moving upward near Ain Bu Sukhanah and the existence of sabkhas in areas of low elevation west of Jabal Hafit. respectively. According to the measured EC and calculated SAR values, groundwater in Neima is characterized by limited harmful effect on plants in the north to a moderate harmful effect for plants in the south. The groundwater of Ain Bu Sukhanah can cause moderate to high harmful effects for plants. Mubazarah is characterized by groundwater with high to very high damaging risk if it used for irrigation. 2 2 HCO  Brackish groundwater was used for agriculture activities in the region as it is clear from a positive relationship between chloride and sodium concentrations. In addition, high concentrations of chloride in groundwater in Mubazarah and Neima areas might be related to the entrapped saline water within the limestone sequence of Jabal Hafit, or it can be the agricultural activities from the positive relationship between Cl and Br. High sulphate concentra- tions in groundwater might be related to the presence of gypsum and anhydrite within the limestone sequence of Jabal Hafit. The presence of bicarbonate and sulphate may indicate mixing process of groundwater by the recent freshwater through the structural lineaments within the study area. The predominance of sulphate anion concentration within Cl-sulphate group could be attributed to the depth and distance from the catchment area as well as the leaching processes of the evaporitic rock constituents. The hydrochemical parameters indicte a relative increase in the concentration of calcium, magnesium and sulphate ions which might indicate the influence of water-bearing formations of carbonates and evaporite sediments. The chemical analyses also indicated that the Na 2 SO 4 is of deep percolation, while NaHCO 3 is of surface and sallow meteoric water conditions.
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